INTRODUCTION
Radiocesium released from the nuclear reactors of the Tokyo Electric Power Company Fukushima Daiichi Nuclear Power Plant (FDNPP) in March 2011 caused severe contamination in Northeast Japan. The distribution of radiocesium in the terrestrial environment has been investigated by airborne monitoring of the air-dose rate (e.g., Nuclear Regulation Authority, 2016) and a soil survey campaign (e.g., Saito et al., 2015) . The distribution of radiocesium is spatially heterogeneous according to the distance from FDNPP, topography, land use, climate tron microscopy equipped with energy dispersive X-ray spectrometry (SEM-EDS). The aerosol was collected in Tsukuba, 170 km south-southwest of FDNPP, from March 14 to March 15, 2011. Abe et al. (2014) further analyzed the radioactive microparticles from the aerosol filter in Tsukuba by synchrotron X-ray micro-beam X-ray fluorescence spectroscopy (SR-mXRF) and X-ray absorption near-edge structure (mXANES). According to the sensitive detection of heavy elements by SR-mXRF, several fission products or components of additives to the nuclear reactors, such as Fe, Zn, Rb, Zr, Mo, Sn, Sb, Te, Cs, Ba, and U, were detected from the particles. In addition, mXANES analyses showed that the oxidation states of Fe, Zn, Mo and Sn were +3, +2, +6 and +4, respectively, suggesting that the particles formed under an oxic environment. The local structures of Fe, Zn, Mo and Sn in the radioactive microparticles resembled the elements in the glass structure. Yamaguchi et al. (2016) found spherical radioactive microparticles deposited on the ground in Fukushima. Preparation of thin sections by focused-ionbeam (FIB) followed by transmission electron microscopy (TEM) analysis and X-ray microanalysis with scanning TEM (STEM) revealed that the substantial material of the radioactive microparticles was silicate glass. Inside the particles, segregated sulfide nanoparticles of Cu, Zn and Mo and AgTe were identified. The distributions of Fe and Zn were almost homogeneous in the particles, whereas Cs exhibited a gradient distribution that was higher in the outside of the microparticles and lower toward the center . Overall, the material forming the spherical radioactive microparticles investigated by Adachi et al. (2013) , Abe et al. (2014) , Yamaguchi et al. (2016) , and Kogure et al. (2016) was identical. In addition, similar spherical radioactive microparticles were found from a dust filter collected on August 2013 from the operation floor of the unit 3 reactor of FDNPP (Tokyo Electric Power Company, 2015) . The spherical shape of the microparticles indicated formation by quenching of molten silicate under high temperature in the nuclear reactor. These radioactive microparticles are impossible to form in natural environments but most likely formed in the nuclear reactor and were then emitted (Abe et al., 2014; Yamaguchi et al., 2016; Kogure et al., 2016) . In addition to spherical microparticles, unshaped radioactive microparticles were found from soil collected from Namie, 20 km northwest from FDNPP, in June 2013 by Satou et al. (2016) . Their results suggested that the radioactive microparticles persisted in the surface soil despite exposure to more than 3000 mm of precipitation over 27 months since the FDNPP accident. However, it was difficult to evaluate whether the radioactive microparticles had been modified as a result of weathering. Satou et al. (2016) estimated that the specific radioactivity (Bq per particle) of 137 Cs corresponded to 2 ¥ 10 16 ¥ [volume of particle]
1.43
for radioactive microparticles derived from the FDNPP accident, which is higher than that of radioactive particles derived from the Chernobyl accident, 4 ¥ 10 7 ¥ [volume of particle] 0.74 . In addition, the elemental compositions of radioactive microparticles from FDNPP were different from those of radioactive particles and fuel debris, referred to as hot particles, derived from the Chernobyl accident as reviewed by Sandalls et al. (1993) .
Radiocesium deposited on the ground can be re-suspended and cause secondary contamination. Kajino et al. (2016) estimated that the amount of annual re-suspended 137 Cs can reach 0.014% of that initially deposited. This evaluation assumes that radiocesium is homogeneously distributed in the soil, forest canopy, etc. Radioactive microparticles cause the heterogeneous distribution of radiocesium on the ground and atmospheric deposition due to re-suspension. However, the contribution of radioactive microparticles to total radiocesium deposited on the ground remains unknown. Adachi et al. (2013) found radioactive microparticles from numerous radioactive spots on an aerosol filter collected from March 14 to March 15, 2011, but radioactive materials were uniformly distributed on the filter collected from March 20 to March 23, 2011. In the radioactive spots on the aerosol filter from March 20 to March 23, aluminosilicate minerals and sulfate particles were widely distributed. It was likely that contribution of the insoluble radioactive microparticles with high specific radioactivity to the radioactive deposition of March 20-23 was small.
The shape and elemental composition of micro-particles are related to the conditions under which the parti- cles formed. In addition, these physicochemical properties influence the fate of particles in the environment, and precise model simulation of radiocesium deposition/resuspension requires structural information on radiocesium-bearing microparticles. Therefore, it is important to evaluate the characteristics of radioactive microparticles in the environment. In this study, we precisely investigated radioactive microparticles collected in Fukushima in 2013 and 2015 by imaging, electron diffraction and X-ray microanalysis using TEM/STEM.
MATERIALS AND METHODS
Atmospheric dust filters and plant tissue with attached radioactive microparticles were collected in Fukushima in 2013 and 2015. Four radioactive microparticles, B-1, T-1, T-2, and P-3, were investigated, and the origin of each sample is shown in Table 1 . The procedure for separating the radioactive microparticles from the other particles was described in our previous study . The radioactivity of each microparticle was measured by a germanium gamma-ray spectrometer (GCW2523S Canberra, USA). The morphology of the microparticles was imaged using a Hitachi S-4500 FieldEmission type scanning electron microscope (FE-SEM). The microparticles were thinned to be electron-transparent using a Hitachi FB-2100 focused-ion-beam (FIB) system. These thin specimens were initially observed using a JEOL JEM 2010 TEM operated at 200 kV, and diffraction patterns were acquired from crystalline materials inside the microparticles. The elemental maps with net counts of characteristic X-rays were acquired using a JEOL JEM-2800 STEM operated at 200 kV with double silicon drift detectors (SDD) (detection area of 100 mm 2
Fig. 1. STEM bright-field (BF) image of B-1. The dark contrast with "W" is the tungsten (W) coating formed in the FIB process to avoid sample damage from the gallium ion beam. The weak contrast with "G" is the glue of the Capton tape used to isolate the microparticle. The spherical hole indicated by the arrow was artificially formed by a halted electron beam during observation.

Fig. 2. Elemental maps of B-1 obtained by STEM-EDS analysis. The gradation of the color in the maps in this figure and the others in the paper is proportional to the net counts of characteristic X-ray of each element.
(JEOL)) and Noran System VII (Thermo Fisher Scientific). The total solid angle of the two detectors reached approximately 2 sr. Energy dispersive X-ray spectra from specific areas were recalculated from the data of elemental mapping .
RESULTS
Four radioactive microparticles in non-spherical forms were investigated. The radiocesium concentration of each microparticle is shown in Table 1 . In the following, the results of the analyses of these microparticles are described individually in order.
B-1
The microparticle B-1 was collected in July 2015 from the atmosphere using a high-volume air sampler. Hence, probably it stayed in the environment for more than four years after the emission from the nuclear reactor. SEM images were not available because the particle was deeply buried in the glue of adhesive tape during the isolation process. The bright-field STEM image from the thin section showed that the particle shape was rather rectangular and had monotonous contrast inside the particle (Fig.  1) . By contrast, rather complex contrasts were observed on the surface of the particle. Elemental mapping (Fig.  2) indicated that Al and/or Fe were concentrated at these contrasts on the surface. Inside the particle, O, Si, Cl, K, Fe, Zn, Rb, Sn and Cs were detected, consistent with previous results for spherical radioactive microparticles collected in 2011 Kogure et al., 2016) . However, Sn was significantly enriched in the vicinity of the surface. The distributions of the alkali elements (K and Cs) were also distinct (Fig. 2) , with enrichment around the center and a gradual decrease toward the surface, followed by enrichment again in the vicinity of the surface.
T-1
The microparticle T-1 was collected in August 2013 have been originally hydrated (gypsum) and dehydrated during the FIB process, during which the specimen was heated to some extent (~100∞C) under vacuum. The distributions of Ca and S in Fig. 4 also indicated that CaSO 4 coated over almost all of the microparticle. The inside of the microparticle was mainly silicate glass, but the elemental maps in Fig. 4 indicated inhomogeneous distribution of Cl, Zn, Al and Cs in the glass, though Fe and Sn were distributed rather homogeneously.
from the atmosphere using a low-volume air sampler. A number of voids or bubbles were observed in the brightfield STEM image (Fig. 3a) . Constituent elements and their distribution in the microparticles are shown in Fig.  4 . The left part of the particle mainly consisted of O, S, Ca, and Fe. Fe was probably present as iron oxide particles, and Ca and S formed CaSO 4 . Diffraction from the CaSO 4 showed a Debye-Scherrer pattern, which can be explained by b-CaSO 4 (Fig. 3b) . This calcium sulfate may Zn and Al exist separately in the glass. Cs was distinctly concentrated in a specific area in the glass, as indicated with a small circle "B" in Fig. 4 . The spectrum from this area, as shown at the bottom-right of the figure, contained no Al. On the other hand, the spectrum from the Al-rich area ("A" in the figure) contained no Zn or Cs. In these spectra and those presented in other figures, the peaks of copper (Cu) were not emitted from the microparticles but from the specimen-supporting base in TEM. Aluminum has not been found as a constituent element of silicate glass that forms radioactive microparticles in previous works (Abe et al., 2014; Adachi et al., 2013; Yamaguchi et al., 2016; Kogure et al., 2016) . In addition, Cs was locally concentrated in a specific part. Finally, nanoparticles containing Cr and Fe were distributed in the glass. They were probably chromite (FeCr 2 O 4 ), considering their diffraction pattern (Fig. 3c) .
T-2
The microparticle T-2 was collected from the same air dust filter as T-1. As shown in the SEM image (Fig.  5a ), T-2 was characterized by an intensely foamed appearance. Bright-field TEM imaging did not show any diffraction contrast when the specimen was tilted, indicating that the particle was totally amorphous (Fig. 5b) . The most distinct feature in the elemental maps (Fig. 6 ) was that the oxide glass was mainly divided into siliconoxide (namely silicate) and chromium-oxide. It was not certain whether the chromium-oxide was chromate with Cr 6+ . The former contained Al and Cs (spectrum B in Fig.  7 ), but their distribution in the particle was not homogeneous (Figs. 6 and 7) . Fe, Zn and Sn existed in both glass types but was more concentrated in the chromium-oxide glass (Spectrum A in Fig. 7 ). As shown in Fig. 7 , the silicate and chromium-oxide glass formed the outer and inner sides of the bubble films, respectively. 
P-3
The microparticle P-3 was collected from a plant tissue found in Fukushima in 2015, and its 137 Cs radioactivity was 1.23 ± 0.0750 Bq. P-3 was one of the microparticles isolated from the radioactive spots identified by imaging plate autoradiography of the plant tissue. The plant tissue to which radioactive particle adhered was not a newly emerged part of the plant after the FDNPP accident. After separating several radioactive microparticles, including P-3, from the radioactive spot on the plant tissue, insoluble radioactive particles still remained on the radioactive spot. The remaining radioactivity was 83.9 ± 0.64 Bq for 134 Cs and 81.5 ± 0.19 Bq for 137 Cs (as of March 11, 2011) . SEM observation (Fig.  8a) revealed that the particle was actually an aggregate of finer particles of 100 to 200 nm in size (the gathered surface morphology is due to the glue of the adhesive tape). Elemental maps and X-ray spectra (Fig. 9) indicated that these fine particulates were silicate glass containing Sn and Cs but without Fe and Zn which were common and very abundant elements beside silica and Cs in the spherical radioactive microparticles . The absence of Fe and Zn was a distinct characteristic of this Cs-bearing glass compared with those reported previously and in this study. Fe was present as individual fine particles inside the aggregate, forming hematite and magnetite (Figs. 9 and 10) . Moreover, these iron-oxide particles accompanied a Pb (S, Te) particle with galena structure and SnTe nanoparticles (Fig. 10) . It is not obvious where such iron oxides were formed in the Fig. 7 . Elemental maps at a part of T-2 and X-ray spectra from the regions indicated with the white circles are indicated with "A" and "B" in the maps for Cr and Cs, respectively. reactor or incorporated from the environment, but probably in the reactor because SnTe nanoparticles which are very rare in the environment intimately attached to these iron oxides, as shown in Fig. 10 .
DISCUSSION
The analyses of the four microparticles described above indicate that the material of the radioactive microparticles released from FDNPP was not uniform but of a wide variety. In the spherical microparticles reported in previous studies , the main body of the particles was always silicate glass commonly containing Cl, K, Fe, Zn, Rb, Sn and Cs, although the ratios and radial dependences of their concentrations varied individually . A similar elemental combination of the Cs-bearing silicate was observed also in B-1 (Fig. 2) , but Al was an additional constituent of the silicate glass in T-1 (Fig. 4) and T-2 (Figs. 6 and 7) ; however, Fe and Zn were absent in P-3 (Fig. 9) . With respect to T-1, incorporation of Al which were not found inside the previously-reported spherical microparticles (Adachi et al., 2013; Abe et al., 2014; Yamaguchi et al., 2016; Kogure et al., 2016) into silicate glass should be impossible in the surface environment of the earth. The incorporation of chromate glass into silicate glass as in T-2 should be also impossible in the natural environment. Therefore, Al and chromate glass were likely incorporated into silicate glass in T-1 and T-2, respectively when these particles were formed in the nuclear reactor. The radioactive microparticle, P-3, was an aggregated particle with many fragments of silicate glass particles with Cs (Figs. 8-10 ). P-3 itself was likely part of a fragment of insoluble radioactive particles at- tached on plant tissue. The absence of Zn and Fe in the silicate glass was one of the characteristics of P-3, and it is unlikely that only Zn and Fe leached out from the silicate glass by weathering, leaving Cs which can be leached more easily in the glass. The formation process of P-3 was probably different from that of the spherical radioactive microparticles and the other particles that included Zn and Fe homogeneously in the particle, as reported by previous studies (Adachi et al., 2013; Abe et al., 2014; Yamaguchi et al., 2016; Kogure et al., 2016; Satou et al., 2016) . The existence of various silicate glasses implies that the radioactive microparticles were formed in several different environments in the nuclear reactors. This variation may be ascribed to different reactors, but more information is required to discuss this issue. The structures of the microparticles were heterogeneous at the nano to microscale. In B-1 and T-1, iron/ aluminum (hydro)oxides and calcium sulfate, respectively, were attached to the surfaces of the microparticles (Figs. 2 and 4) . Both iron/aluminum (hydro)oxides and calcium sulfate are common in the environment. In addition, the silicate glass body of the microparticles B-1 and T-1 contained less Al and Ca/S, respectively (Figs. 2 and  4) . Therefore, iron/aluminum (hydro)oxides and calcium sulfate likely attached to the surfaces of the microparticles B-1 and T-1 during residence in the field, after the microparticles were formed and released from the nuclear reactors.
The interiors of the microparticles were also heterogeneous and included metallic oxides and chalcogenides fine particles (Fig. 10) . These fine particles were probably segregated from the silicate glasses during the formation of the microparticles, as shown by for spherical radioactive microparticles.
Alteration of the microparticles themselves during their residence in the field should also be considered, especially for the specimens collected several years after the accident, as discussed for B-1. The similarity of the elemental composition of the main body of B-1 with that of the spherical radioactive microparticles presented by Yamaguchi et al. (2016) and Kogure et al. (2016) implied that microparticle B-1 may originally have been spherical but partially dissolved in the field and assumed an irregular shape. The enrichment of Sn in the vicinity of the surface of the microparticles (Fig. 2) is likely attributable to the precipitation of tin oxide on the surface owing to its low solubility . The microparticles may have experienced repeated cycling of wet and dry states in the field. The alkali elements and Sn that leached from the inside of the microparticle into the water adsorbed to the surface during the wet state may have precipitated on the surface when the microparticle was desiccated. However, more data or knowledge, such as that provided by laboratory experiments, is needed with respect to the dissolution or weathering kinetics of silicate glass of this composition to ascribe the elemental distributions in Fig. 2 to the degradation of the glass in the environment. Determining the changes that occur in the radioactive microparticles during their residence in the field will provide important information on the future fate of microparticles in the field. However, the environments in which the microparticles remained vary widely, and it will likely be necessary to compare the analysis of actual microparticles and laboratory experiments to investigate the process of alteration of the microparticles using collected specimens or synthetic materials with a similar composition. We are presently conducting experiments to dissolve actual radioactive microparticles of spherical form in hot water and observe their structural changes, as well as determine the dissolution rate.
Finally, owing to the presence of such structural complexity in a microparticle of a few microns, a comprehensive understanding of the microparticles cannot be obtained using microanalysis techniques such as SEM (Adachi et al., 2013) or synchrotron X-ray (Abe et al., 2014) ; TEM/STEM analysis of thin sections of microparticles is indispensable, as demonstrated in this study. Recently, Satou et al. (2016) investigated several radioactive Cs-bearing microparticles collected from soil and their compositions using SEM-EDS analysis, in which Mg, Al and Ca were commonly detected. However, whether these elements are intrinsic to the microparticles or originate from foreign materials attached to the microparticles in the field (as these elements are common in the field) remains unclear and is difficult to distinguish by X-ray analysis in SEM because of its limited analytical resolution. However, we should also keep in mind that TEM/STEM analysis of thin sections is a destructive method, and the area to be analyzed is only a portion of the whole particle. Because radioactive microparticles are valuable samples, TEM/STEM analysis with FIB sample preparation should only be performed as a final analysis after all other analyses of the microparticles.
CONCLUSION
TEM/STEM analyses of four non-spherical radioactive microparticles isolated from environmental samples collected in Fukushima revealed that various Cs-bearing radioactive particles were formed in the nuclear reactors of FDNPP and then released. In addition to differences in particle shape, the constituent elements and their distribution in non-spherical microparticles were different from those previously reported in spherical microparticles (Abe et al., 2014; Adachi et al., 2013; Kogure et al., 2016; Satou et al., 2016; Yamaguchi et al., 2016) . The radioactive microparticles collected from the atmospheric dust filter in 2013 contained Al, which had not been detected previously in spherical microparticles. The same dust filter from 2013 also contained a radioactive microparticle characterized by an intensely foamed morphology and chromium-oxide glass containing Fe, Zn and Sn, coexisting intricately with silicate glass. The radioactive microparticles that attached on plant tissues until 2015 were an aggregate of many fine fragments of Cs-bearing silicate glass, but Zn and Fe, which were homogeneously distributed in the spherical radioactive microparticles, were not detected. Moreover, an angulated radioactive microparticle collected as an aerosol in 2015 had a signature of partial dissolution of the spherical microparticle. The variations in the physicochemical structures of the radioactive Cs-bearing microparticles emitted from FDNPP are likely due to its condition of formation and alterations that occurred during their residence in the field.
